Background. Preoperative/neoadjuvant therapy (NT) is increasingly utilized for the treatment of pancreatic ductal adenocarcinoma (PDAC). However, little data exist regarding information on the use of additional postoperative therapy following NT. The lymph node ratio (LNR) is a prognostic marker of oncologic outcomes after NT and resection. In this study, we evaluated the effectiveness of postoperative therapy following NT, stratified by LNR. Methods. A prospective tumor registry database was queried to identify patients with PDAC who underwent resection following NT from 1990 to 2008. Clinicopathologic factors were compared to identify associations with overall survival (OS) and time to recurrence (TTR) based on postoperative chemotherapy status. Results. Thirty-six (14 %) of the 263 patients received additional postoperative therapy. No differences were observed in the pathologic characteristics between patients who received postoperative chemotherapy and those who did not. The median LNR was 0.12 for patients with N ? disease. Following NT, the administration of postoperative therapy was associated with improved median OS (72 vs. 33 months; p = 0.008) for patients with an LNR \ 0.15. There was no association between postoperative chemotherapy and OS for patients with LNR C 0.15. Multivariate analysis demonstrated that the administration of postoperative systemic therapy in patients with a low LNR was associated with a reduced risk of death (hazard ratio 0.49; p = 0.02). Conclusion. Postoperative chemotherapy after NT in patients with low LNR is associated with improved oncologic outcomes.
ABSTRACT
Background. Preoperative/neoadjuvant therapy (NT) is increasingly utilized for the treatment of pancreatic ductal adenocarcinoma (PDAC). However, little data exist regarding information on the use of additional postoperative therapy following NT. The lymph node ratio (LNR) is a prognostic marker of oncologic outcomes after NT and resection. In this study, we evaluated the effectiveness of postoperative therapy following NT, stratified by LNR. Methods. A prospective tumor registry database was queried to identify patients with PDAC who underwent resection following NT from 1990 to 2008. Clinicopathologic factors were compared to identify associations with overall survival (OS) and time to recurrence (TTR) based on postoperative chemotherapy status. Results. Thirty-six (14 %) of the 263 patients received additional postoperative therapy. No differences were observed in the pathologic characteristics between patients who received postoperative chemotherapy and those who did not. The median LNR was 0.12 for patients with N ? disease. Following NT, the administration of postoperative therapy was associated with improved median OS (72 vs. 33 months; p = 0.008) for patients with an LNR \ 0.15. There was no association between postoperative chemotherapy and OS for patients with LNR C 0.15. Multivariate analysis demonstrated that the administration of postoperative systemic therapy in patients with a low LNR was associated with a reduced risk of death (hazard ratio 0.49; p = 0.02). Conclusion. Postoperative chemotherapy after NT in patients with low LNR is associated with improved oncologic outcomes.
It is well-recognized that completion of multimodality therapy is associated with improved oncologic outcomes compared with surgery alone in the treatment of pancreatic ductal adenocarcinoma (PDAC); [1] [2] [3] [4] however, the timing of chemotherapy and radiation in relationship to surgical resection is still widely debated. Historically, the treatment of PDAC has included a surgery-first approach followed by postoperative adjuvant therapy. Barriers to the completion of multimodality therapy completion include early cancer progression and postoperative major complications. 1 Administration of chemotherapy and/or radiation therapy prior to surgical resection [neoadjuvant therapy (NT)] has been suggested as an alternative for overcoming some of these issues. 5, 6 Theoretical benefits of NT also include early treatment of micrometastatic disease, selection of patients likely to benefit from surgical resection, and a potential for tumor downstaging.
Following upfront surgical resection, the administration of adjuvant therapy (chemotherapy and/or radiation) for PDAC is associated with improved oncologic outcomes. 2, 3, 7 Current National Comprehensive Cancer Network (NCCN) guidelines recommend NT for patients with borderlineresectable tumors, 8 with consideration of additional systemic chemotherapy at the discretion of the practitioner. For patients who received NT, data and objective criteria supporting additional therapy after surgery are lacking.
Metastatic disease in peri-pancreatic lymph nodes remains one of the strongest prognostic factors for survival following surgical resection. 8 The lymph node ratio (LNR), defined as the number of lymph nodes with metastatic disease among the total number of lymph nodes retrieved, has been validated in patients with PDAC. [9] [10] [11] [12] [13] [14] Recently, we showed that the LNR is a useful prognostic indicator in patients with potentially resectable PDAC treated with NT. 13 Interestingly, following NT, patients with an LNR of 0 and LNR 0.01-0.14 were found to have equivalent overall survival (OS) and time to recurrence (TTR), whereas patients with a persistently elevated LNR following NT had significantly reduced OS and shorter TTR. 13 In this study, we sought to determine the impact of postoperative therapy in patients with PDAC following the administration of NT and surgical resection. To test this hypothesis, we critically examined the associations between LNR, postoperative chemotherapy use, recurrence, and OS in patients with PDAC who underwent potentially curative resection following NT.
METHODS
This retrospective study was approved by the Institutional Review Board at The University of Texas MD Anderson Cancer Center. We retrieved clinical data on all patients who underwent preoperative therapy followed by surgical resection for PDAC between 1990 and 2008 from our prospectively maintained institutional pancreatic tumor database. 15 Patients with a final diagnosis of invasive adenocarcinoma arising in an intraductal papillary mucinous neoplasm or mucinous cyst adenocarcinoma, patients with other non-pancreatic periampullary adenocarcinoma (n = 12), patients who had chemotherapy or radiation prior to presentation at our institution (n = 35), and patients who received intraoperative radiation (IORT; n = 109) were excluded from the analysis.
Treatment Sequencing and Therapy
Prior to the initiation of NT, patients underwent a comprehensive staging evaluation, including physical examination, cross-sectional imaging, and measurement of CA 19-9. Patients received external-beam radiation (typically 30 or 50.4 Gy) with the chemoradiation regimens shown in Table 1 . Systemic chemotherapy was delivered prior to chemoradiation in selected cases or as part of a clinical trial 5 (Table 1 ). All patients underwent restaging evaluation after completion of preoperative therapy. Criteria for surgical resection following completion of NT included performance status sufficient for major abdominal surgery, optimized comorbidities, and no radiographic or intraoperative detection of tumor progression. 16 Pancreaticoduodenectomy was performed using a standardized technique. 17, 18 The decision to administer adjuvant therapy was influenced by the presence of high-risk factors, enrollment in a clinical trial, or perceived benefit of adjuvant therapy. Patients were staged according to the MD Anderson definitions of resectability. 19 
Follow-Up
Following resection, patients were evaluated every 3-4 months using a standard surveillance protocol, including physical examination, chest radiography, and abdominal computed tomography (CT). After 2 years, intervals were extended to 6 months. The development of a new low-density mass or abdominal lymphadenopathy in the region of the resected pancreas or mesenteric root was considered locoregional recurrence in this area. Radiographic evidence of a low-density mass in the liver or lungs or new-onset ascites was considered evidence for distant recurrence. Biopsy of recurrence was rarely performed. Only the first site(s) of recurrent disease were documented for this study.
Statistical Analysis
Categorical variables were compared using the Chi square test or Fisher's exact test. Wilcoxon's rank sum test (t test) and the Kruskal-Wallis test (ANOVA) were used to compare the distributions of continuous variables among different groups. TTR is defined as from the time of surgery to the time of first locoregional or distant recurrence or to the time of last contact. OS was defined as from the time of diagnosis to the time of death or to the time of last contact. The distributions of TTR and OS were estimated using the Kaplan-Meier method and compared using the log-rank test. The Cox proportional hazards regression model, in which a backward elimination process was used for variable selection with an entry and removal limit of p \ 0.1 and p \ 0.05, respectively, was applied to identify independent factors associated with OS and TTR. All tests were two-sided. p values \0.05 were considered statistically significant. All analyses were conducted using SAS Locally advanced 4 (2) 1 (3) 3 (1) Re-operative (n, %)
Pre-referral exploration 13 (5) 1 (3) 12 (5) 1 Pre-referral bypass 25 (9) 3 (8) 22 (10) Gemcitabine (n, %) 10 (8) 2 (10) 8 (7) Capecitabine or gemcitabine ? bevacizumab (n, %) 10 (8) 2 (10) 8 (7) Gemcitabine/cisplatin/erlotinib 5 (4) 0 5 
RESULTS

Demographic and Pathologic Characteristics
A total of 263 patients with PDAC who underwent preoperative chemoradiation met the inclusion criteria and were included in the study. Demographic and treatment characteristics are shown in Table 1 . Based on the MD Anderson Cancer Center definition of resectability, 19 218 patients (82 %) had potentially resectable disease and 16 % had anatomically borderline resectable disease at presentation. A median of 19 lymph nodes were examined per patient, with 134 patients (51 %) having ypN0 disease after NT. Of the patients who had N1 disease, the median LNR was 0.12, and was similar between patients who did and did not receive postoperative therapy.
Systemic Chemotherapy and Cancer-Related Outcomes
At a median follow-up of 31 months (115 months for survivors), median OS was 31 months and median TTR was 13 months (data not shown). Of the 263 patients in the study cohort, 36 (14 %) underwent additional postoperative systemic therapy, with the majority receiving gemcitabinebased therapy (Table 1) . For the entire cohort, administration of postoperative chemotherapy was associated with improved median OS compared with no postoperative therapy (63 vs. 30 months, respectively; p = 0.01) (Fig. 1a) . In addition, by univariate analysis, postoperative chemotherapy was marginally significantly associated with TTR compared with no postoperative therapy (21 vs.12 months, respectively; p = 0.055) (Fig. 1b) .
Overall, 49 % (n = 128) of patients received preoperative systemic chemotherapy prior to the initiation of preoperative chemoradiation. To further evaluate the association of postoperative chemotherapy with survival, patients were further stratified based on preoperative and postoperative chemotherapy administration (Fig. 1c and d) . For patients who received postoperative therapy (Fig. 1c , blue & green lines), no significant difference in survival with the addition of preoperative therapy (?Pre/?Post) compared with postoperative therapy alone (-Pre/?Post) was observed. However, for patients who received preoperative chemotherapy (Fig. 1c, green & orange lines) , the administration of additional postoperative therapy (?Pre/ ?Post) was associated with improved OS compared with preoperative chemotherapy alone (?Pre/-Post; p = 0.04).
To further evaluate the benefit of postoperative systemic therapy following NT, survival outcomes were evaluated based on lymph node status. Previously, our group has demonstrated differences in oncologic outcomes following NT based on post-therapy LNR.
13,20 Therefore, we divided patients into two groups using our previously established LNR cutoff of 0.15. 13 Patients with a high LN burden following preoperative therapy (LNR C 0.15) had poor OS and TTR, regardless of the administration of additional postoperative systemic therapy (Fig. 2a, b, and f) . In patients with a low LNR (0-0.14), administration of postoperative systemic therapy was associated with improved OS compared with patients who did not receive postoperative systemic therapy (72 vs. 33 months, respectively; p = 0.008) (Fig. 2c) . Furthermore, patients with N0 disease who received additional postoperative chemotherapy following NT had a median OS of 73 months compared with 34 months for those who did not (p = 0.09; data not shown).
Patients with an LNR \ 0.15 were then further stratified based on preoperative chemotherapy status. For patients who received preoperative chemotherapy (Fig. 2d, e Univariate and multivariate analyses were performed to identify factors independently associated with OS. On multivariate analysis, pre-referral laparotomy and a high LNR were associated with reduced OS (Table 2 ). The addition of postoperative chemotherapy following NT was associated with reduced risk of death (hazard ratio [HR] 0.61, 95 % CI 0.37-1; p = 0.017) ( 
DISCUSSION
Increased use of preoperative therapy for the treatment of PDAC is evident; however, data supporting additional postoperative systemic therapy following surgical resection are lacking. In the current study, we found that the administration of additional postoperative systemic chemotherapy following NT was associated with improved OS and TTR in patients with limited LN involvement (LNR \ 0.15). Interestingly, patients with significant LN burden following NT did not appear to benefit from the administration of additional systemic therapy following preoperative chemoradiation.
The use of preoperative treatment sequencing strategies is associated with several potential advantages. Patients treated with NT have reduced non-therapeutic laparotomy rates, increased margin-negative resection rates, improved multimodality completion rates, and sterilization of peripancreatic lymph nodes. 1, 2, 13, 21, 22 Current NCCN guidelines support the use of NT for patients with borderline resectable PDAC and recognize it as an alternative for patients with potentially resectable disease, especially for cases in which there is a high likelihood of a margin-positive resection. 8 Our preferred treatment approach for patients with PDAC has been an NT approach, when feasible. Forty-nine percent of patients received preoperative chemotherapy prior to chemoradiation. Interestingly, in the current study, the addition of preoperative chemotherapy to preoperative chemoradiation was not associated with changes in survival or recurrence, which is consistent with previous studies. 5 The use of postoperative systemic chemotherapy following surgical resection of PDAC is associated with improved survival and has been demonstrated in several randomized trials. 7, 23, 24 However, the use of postoperative chemotherapy following NT has not been well-described. In this study, the addition of postoperative systemic therapy following NT was associated with significantly improved OS (72 months) compared with patients who did not receive postoperative systemic therapy (OS 33 months). Although there was significant variability in the type of chemotherapy administered, the majority of patients received a gemcitabine-based regimen. However, when patients were further stratified based on the amount of LN involvement, the addition of postoperative chemotherapy was associated with improved outcomes only in patients who had a low LNR (\0.15). Patients with a persistently high LNR (C0.15) following NT had poor survival, despite additional systemic therapy. Although this may appear counterintuitive, it is likely that patients who had a persistently elevated LNR after NT represented a cohort of patients with unfavorable tumor biology, for whom standard cytotoxic systemic therapy of the study period was ineffective. This is not to suggest that these patients would not benefit from further treatment. Rather, we would suggest that this group of patients should be considered for clinical trials as they have demonstrated that their tumors are insensitive to the conventional chemotherapy of the study period. These data should be evaluated in the context of their limitations. First, this was a non-randomized, retrospective cohort study of selected patients treated at a single institution and the number of patients who received postoperative chemotherapy was small. However, to our knowledge, this is the first report on patients treated with postoperative systemic chemotherapy following NT. Although retrospective and single-institution, we believe the data presented in this study provide insight into an, as yet unanswered, clinical decision-making dilemma. Guidelines are present as evidence to the lack of level 1 data. Current NCCN guidelines recommend preoperative therapy for patients with borderline resectable tumors, but specifically comment that data are lacking regarding the use of additional therapy postoperatively. The data presented in the current study explore this question and provide background for a more formal evaluation of this clinically important question. An alternative explanation for our results is that patients who were able to receive postoperative therapy had more favorable tumor biology and less surgical complications, which is why they were able to receive additional therapy. Additionally, it is possible that there was a clustering of postoperative therapy based on the treating medical oncologist. However, there were nine medical oncologists involved in the administration of additional postoperative therapy in the 36 patients who received therapy, with a range of 1-12 patients per physician. Finally, although the results in this study are encouraging, these patients represent a heterogeneous patient population, with variability in the chemoradiation and chemotherapy regimens administered, highlighting the importance of clinical trials to answer these important questions.
CONCLUSIONS
Our data demonstrate that the administration of additional postoperative systemic chemotherapy following NT is associated with improved oncologic outcomes. This benefit is greatest in patients with low-volume LN disease following preoperative therapy, likely indicating favorable tumor biology. LNR should be used as stratification variables or inclusion criteria in clinical trials evaluating novel adjuvant systemic therapies.
